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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention: 

[0001 ] The present invention relates to a method of operating a phosphoric acid fuel cell (PAFC) including an assembly 
which comprises an anode, a cathode, and an electrolyte layer impregnated with a phosphoric acid and interposed 
between the anode and the cathode. 

10 

Description of the Related Art: 

[0002] Each unit of the phosphoric acid fuel cell has an electrolyte electrode assembly comprising an anode, a cathode, 
and an electrolyte layer impregnated with phosphoric acid and interposed between the anode and the cathode. The 
is matrix which is impregnated with phosphoric acid is generally made of porous body of silicon carbide. However, it has 
been proposed to use a basic polymeric membrane of polybenzimidazole or the like (see U.S. patent No. 5,525,436). 
[0003] Usually, the phosphoric acid fuel cell includes a predetermined number of unit cells which are stacked together 
and electrically connected in series to form a stack body. 

[0004] For operating the phosphoric acid fuel cell, the anode is supplied with a fuel gas (hydrogen-containing gas), 
20 and the cathode is supplied with an oxygen-containing gas. Hydrogen in the hydrogen-containing gas which is supplied 
to the anode is ionized by the anode according to the following formula (A), generating hydrogen ions and electrons: 

2H 2 -> 4H+ + 4e (A) 

25 [0005] The generated hydrogen ions move through the electrolyte layer to the cathode. The electrons are transmitted 
to an external circuit which is electrically connected to the anode and the cathode. After the electrons are used as a DC 
electric energy for energizing the external circuit, they reach the cathode. 

[0006] The hydrogen ions that have moved to the cathode and the electrodes that have reached the cathode via the 
external circuit react with oxygen contained in the oxygen-containing gas supplied to the cathode according to the formula 

30 (B) : 

0 2 + 4H+ +4e -> 2H 2 0 (B) 

[0007] The electrochemical reaction is an exothermic reaction. Therefore, heat is generated in operating the fuel cell. 

35 [0008] When the phosphoric acid fuel cell is operated at a temperature lower than 1 00 ° C which is the boiling point of 
water, the ratio of H 2 0 generated as a liquid (water) increases, and the generated water remains stagnant in the phos- 
phoric acid fuel cell. Then, the phosphoric acid in the electrolyte layer is dissolved into the generated water, and discharged 
together with the generated water when the water is finally discharged out of the fuel cell. As a result, the concentration 
of the phosphoric acid in the electrolyte layer is lowered, degrading the cell characteristics of the phosphoric acid fuel 

40 cell. EP-A-1 168 474 describes one method of mitigating this problem at low temperature. 

[0009] Normally, however, the phosphoric acid fuel cell is operated in a temperature range from 140°C to 1 90 °C in 
order to avoid the above drawback. Specifically, the phosphoric acid fuel cell is heated to a temperature above 100°C 
by a heating means such as a heater. Thereafter, the fuel gas and the oxygen-containing gas are supplied to react as 
described above, and the fuel cell is further heated up to the temperature range from 140°C to 190°C with the heat 

45 generated by the reaction. Control of operating temperature is disclosed, for example, in Japanese laid-open patent 
publication No. 58-87771. 

[0010] However, the initial heating process is disadvantageous because it takes a long period of time until the phos- 
phoric acid fuel cell reaches the operating temperature. The phosphoric acid fuel cell thus suffers a practical problem 
in that it cannot generate electric energy immediately when desired because it takes a long period time until the fuel cell 
50 becomes ready to operate stably in a steady state. 

[001 1 ] One solution would be to use a heater having a large heat-generating capability. However, such a heater would 
be large in size, make the overall fuel cell system also large in size, and greatly lower the energy efficiency per volume 
and weight. 

[0012] Japanese laid-open patent publication No. 63-225477 and U.S. patent No. 6,103,410 disclose a process of 
55 supplying a fuel gas and an oxygen-containing gas simultaneously to a cathode of a fuel cell, causing a reaction repre- 
sented by the formula (C) shown below, and heating the phosphoric acid fuel cell with the heat generated in the reaction: 

2H 2 + 0 2 -> 2H 2 0 (C) 
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[0013] Even according to the above disclosed process, liquid water is generated when the temperature of the phos- 
phoric acid fuel cell is lower than 100°C. Therefore, the phosphoric acid in the electrolyte layer is dissolved into the 
generated water, and discharged together with the generated water out of the fuel cell. Consequently, it is impossible 
5 to avoid the shortcoming that the cell characteristics of the phosphoric acid fuel cell are lowered simply by the reaction 
of hydrogen and oxygen. 

SUMMARY OF THE INVENTION 

10 [0014] It is a major object of the present invention to provide a method of operating a phosphoric acid fuel cell so as 
to be able to increase the temperature of the phosphoric acid fuel cell up to an operating temperature while reliably 
preventing the cell characteristics of the phosphoric acid fuel cell from being lowered, without increasing the size of a 
facility for operating the phosphoric acid fuel cell. 

[0015] According to the present invention, therefore, there is provided a method of operating a phosphoric acid fuel 
is cell before generating electric energy from said fuel cell, said fuel cell having a assembly comprising an anode (24), a 
cathode (26), and an electrolyte layer (20) impregnated with phosphoric acid and interposed between said anode (24) 
and said cathode (26), said method comprising the steps of: 

supplying a fuel gas which contains hydrogen, and an oxygen-containing gas, to said cathode (26) such that the 
20 proportion of hydrogen in the mixed gas is less than 4 volume %, to raise the temperature of said assembly to an 

operating temperature with heat generated by a reaction between hydrogen contained in said fuel gas and oxygen 
contained in said oxygen-containing gas at said cathode (26); and 

causing said hydrogen and said oxygen to react with each other at said cathode (26) under a condition in which the 
concentration of the phosphoric acid, at the time the amount of water generated by the reaction and the amount of 
25 water evaporated from the phosphoric acid impregnated in said electrolyte layer (20) are in equilibrium, is equal to 

or greater than a reference phosphoric acid concentration which is capable of keeping the phosphoric acid fuel cell 
(10) at a predetermined performance level, by determining the combustion efficiency of said fuel gas at a constant 
rate of supply, and by changing the rate of supply of the oxygen-containing gas while the fuel gas is supplied at the 
rate for the known combustion efficiency. 

30 

[0016] By thus increasing the temperature of the assembly, the phosphoric acid is prevented from being dissolved. 
Accordingly, the phosphoric acid fuel cell has its electric energy generating capability prevented from being lowered, 
and can generate electric energy at a desired performance level after its temperature has risen to an operating temper- 
ature. The phosphoric acid fuel cell thus does not need any phosphoric acid replenisher or the like. 
35 [0017] According to the present invention, as can be understood from the above description of the invention, the 
temperature of the assembly is increased by the heat produced when the hydrogen and the oxygen react with each 
other. Therefore, no large-size heater is required, making it possible to employ a simple and inexpensive fuel cell system 
for operating the phosphoric acid fuel cell. 

[0018] The above and other objects, features, and advantages of the present invention will become more apparent 
40 from the following description when taken in conjunction with the accompanying drawings in which a preferred embod- 
iment of the present invention is shown by way of illustrative example. 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 [0019] 

FIG. 1 is a vertical cross-sectional view schematically showing a phosphoric acid fuel cell which is operated by an 
operating method according to the present invention; 

FIG. 2 is a schematic diagram, partly in block form, of a fuel cell system which incorporates the phosphoric acid fuel 
50 cell shown in FIG. 1 ; 

FIG. 3 is a graph showing the relationship between saturated vapor pressures of phosphoric acid and concentrations 
of phosphoric acid; 

FIG. 4 is a diagram illustrative of a process of determining a concentration of phosphoric acid using the graph shown 
in FIG. 3; and 

55 FIG. 5 is a diagram illustrative of a process of determining a saturated vapor pressure of phosphoric acid using the 

graph shown in FIG. 3. 
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DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0020] A method of operating a phosphoric acid fuel cell according to a preferred embodiment of the present invention 
will be described in detail below with reference to the accompanying drawings. 
5 [0021] FIG. 1 schematically shows in vertical cross section a phosphoric acid fuel cell 10. As shown in FIG. 1, the 
phosphoric acid fuel cell 10 comprises an electrolyte electrode assembly 12, a pair of separators 14a, 14b as bipolar 
plates disposed on respective opposite surfaces of the electrolyte electrode assembly 12, and a pair of terminal plates 
16a, 16b disposed on respective outer surfaces of the separators 14a, 14b. 

[0022] End plates 1 8a, 1 8b are disposed on respective outer surfaces of the terminal plates 1 6a, 1 6b. The end plates 
10 1 8a, 1 8b are tightened together by bolts (not shown) to form the phosphoric acid fuel cell 1 0. 

[0023] The electrolyte electrode assembly 12 comprises an electrolytic matrix layer 20 having a basic polymeric 
membrane of polybenzimidazole or the like that is impregnated with phosphoric acid, and an anode 24 and a cathode 
26 that are disposed on opposite surfaces of the electrolytic matrix layer 20 with a frame-like spacer 22 interposed 
between the anode 24 and the cathode 26. 
15 [0024] First gas passages 28 for passing a fuel gas therethrough are defined in the surface of the separator 1 4a which 
faces the anode 24. Second gas passages 30 for passing an oxygen-containing gas therethrough are defined in the 
surface of the separator 14b which faces the cathode 26. A plurality of temperature sensors 32 are disposed in the 
boundary surfaces of the separators 14a, 14b which are facing the anode 24 and the cathode 26, respectively. 
[0025] FIG. 2 schematically shows, partly in block form, a fuel cell system 40 which incorporates the phosphoric acid 
20 fuel cell 1 0 shown in FIG. 1 . The method of operating the phosphoric acid fuel cell 1 0 according to the present invention 
is carried out by the fuel cell system 40. 

[0026] As shown in FIG. 2, a load W such as a motor is connected to the terminal plates 16a, 16b of the phosphoric 
acid fuel cell 10. To the phosphoric acid fuel cell 10, there are connected a hydrogen gas supply passage 42 and a 
hydrogen gas discharge passage 44 which are connected to the first gas passages 28, and an air supply passage 46 

25 and an air discharge passage 48 which are connected to the second gas passages 30. 

[0027] The hydrogen gas supply passage 42 is connected to a high-pressure hydrogen storage source 50 for supplying 
a hydrogen gas as a fuel gas under a high pressure, a solenoid-operated valve 52a, a pressure-reducing valve 54a, a 
hydrogen gas flow rate controller 56a, a shut-off valve 58a, a check valve 60a, a three-way valve 62a, and an inlet 
pressure sensor 64a, which are successively positioned in the order named from the upstream end at the high-pressure 

30 hydrogen storage source 50. The hydrogen gas discharge passage 44 is connected to an outlet pressure sensor 66a, 
a dew point sensor 68a, a heat exchanger 70a, a gas-liquid separator 72a, and a back pressure valve 74a, which are 
successively positioned in the order named from the upstream end as the outlet pressure sensor 66a. A solenoid- 
operated valve 76a is connected to the outlet of the gas-liquid separator 72a. 

[0028] The air supply passage 46 and the air discharge passage 48 are connected to devices and instruments which 
35 are identical to those connected to the hydrogen gas supply passage 42 and the hydrogen gas discharge passage 44. 
Those identical devices and instruments are denoted by identical reference numerals with a suffix "b", and will not be 
described in detail below. 

[0029] A compressor 78 for supplying air as an oxygen-containing gas is connected to the upstream end of the air 
supply passage 46. To the air discharge passage 48, there are connected a moisture remover 80, a gas sampler 82, 
40 and a gas chromatograph (GC) 84 as a hydrogen quantity analyzing system, which are successively positioned in the 
order named downstream of the back pressure valve 74b. 

[0030] In the air supply passage 46, a gas mixer 86 and a back fire inhibitor 88a are interposed between the three- 
way valve 62b and the inlet pressure sensor 64b. The three-way valve 62a and the three-way valve 62b are interconnected 
by an air delivery pipe 90 having a shut-off valve 92 and a check valve 94. A back fire inhibitor 88b is interposed between 

45 the check valve 94 and the three-way valve 62b. 

[0031] The temperature sensors 32 incorporated in the phosphoric acid fuel cell 10 are electrically connected to a 
temperature measuring system 96. The hydrogen gas flow rate controller 56a and the air flow rate controller 56b are 
electrically connected respectively to a hydrogen gas flow rate control system 98 and an air flow rate calculating system 
100. The temperature measuring system 96 is electrically connected to a phosphoric acid saturated vapor pressure 

50 calculating system 1 02. The phosphoric acid saturated vapor pressure calculating system 1 02 and the gas chromatograph 
84 are electrically connected to the air flow rate calculating system 100. 

[0032] The air flow rate calculating system 100, the inlet pressure sensor 64b, the outlet pressure sensor 66b, and 
the back pressure valve 74b are electrically connected to a pressure control system 104. 

[0033] The operating temperature of the fuel cell system 40, or stated otherwise, the temperature of the electrolyte 
55 electrode assembly 12, is controlled by a fuel cell temperature controller 106. 

[0034] The method of operating the phosphoric acid fuel cell 10 according to the present invention will be described 

below with respect to operation of the fuel cell system 40 which is constructed as described above. 

[0035] A reference phosphoric acid concentration which does not lower the cell characteristics of the phosphoric acid 
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fuel cell 10 is affected by the internal structure and dimensions of the electrolyte electrode assembly 12, and is inherent 
in the phosphoric acid fuel cell 10. For carrying out the method of operating the phosphoric acid fuel cell 10 according 
to the present invention, various parameters including flow rates of a hydrogen gas and air that are supplied to the 
cathode 26 are determined in a test operation mode prior to a steady operation mode of the phosphoric acid fuel cell 1 0. 
[0036] A mixed gas of a hydrogen gas and air is in an explosive range if the hydrogen gas exists in a volume % ranging 
from 4 to 75 volume %. The proportions of the hydrogen gas and air that are supplied to the cathode 26 are selected 
out of the above explosive range for safety purpose. Thus a large amount of air is supplied such that the proportion of 
the hydrogen gas is less than 4 volume %. Such a large amount of air can easily be supplied by compressing atmospheric 
air with the compressor 78. 

[0037] If the temperature of the phosphoric acid fuel cell 10 is increased by a mixed gas containing more than 75 
volume % of a hydrogen gas, then when the phosphoric acid fuel cell 10 is operated in the steady operation mode (to 
generate electric energy) after the temperature of the phosphoric acid fuel cell 1 0 is increased, a hydrogen gas remaining 
at the cathode 26 and in the second gas passages 30 has to be purged by an inactive gas such as nitrogen or the like. 
This purging process is not required if the large amount of air is supplied as described above. 

[0038] When the hydrogen gas and air are simultaneously supplied to the cathode 26, the reaction represented by 
the above formula (C) takes place at the cathode 26. If the air is supplied at a rate fc, the hydrogen gas is supplied at a 
rate fa, and the combustion efficiency is represented by r, then since the large amount of air is present, the amount m 
of generated water is determined by the following equation (1 ): 



where fc, fa have a unit of N1/min., m has a unit of mol/min. N1/min. refers to a flow rate at0°Cand 1 atm as represented 
by liter (1). 

[0039] If the gas is discharged from the cathode 26 at a rate fee (N1/min.), then since the rate fee represents the sum 
of the hydrogen gas and air that have passed through the cathode 26 without being involved in the reaction and the 
amount of generated water, the following equation (2) is satisfied: 



[0040] The saturated vapor pressure Psat of phosphoric acid at the time the amount of generated water and the 
amount of water in evaporated phosphoric acid are in equilibrium is expressed, using fee, m by the equation (3) shown 
below. In the equation (3), Pmix represents an inlet pressure of the mixed gas when it is introduced into the second gas 
passage 30, and is measured by the inlet pressure sensor 64b. 





fec = 




+ mx22.4 



(2) 



Psat = 



mx-22.4 
fee 



xPmix 




[0041] From the equations (2), (3), the rate fc is expressed by the following equation (4): 
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mx22.4x(Pmix- Psat) ^ 3 




Psat 2 



c axrx(Pmix — Psat) 3 



— - + — 

Psat x 100 2 



[0042] The parameters fc, fa, r, Psat, and Pmix are selected in order to satisfy the above equation (4). 
[0043] The saturated vapor pressure Psat of phosphoric acid can be determined as follows: 

[0044] A fuel cell system 40b which incorporates a preliminary phosphoric acid fuel cell 10b which is of the same 
dimensions and structure as the phosphoric acid fuel cell 10 is operated under conditions in which water is generated 
as water vapor and hence phosphoric acid is not dissolved, e.g., at a temperature of 1 60 °C with the hydrogen gas and 
air supplied under a pressure of 201 .3 kPa and consumed at a ratio of 50 %, and the voltage generated when the current 
density is 1 A/cm 2 is used as a reference voltage. 

[0045] Then, the preliminary phosphoric acid fuel cell 10b is operated at a temperature of T°C lower than 160°C and 
other conditions identical to those described above, generating electric energy continuously for 3 hours at a constant 
current density of 0.2 A/cm 2 . An amount of water for reducing the concentration of phosphoric acid is determined from 
the current density and the effective electrode area, and a ratio a of water evaporated from the anode, of the amount of 
water for reducing the concentration of phosphoric acid, is determined from measured values of the dew point sensors 
68a, 68b. Thereafter, the preliminary phosphoric acid fuel cell 10b is operated at 160°C, and the performance of the 
phosphoric acid fuel cell 1 0 is evaluated to measure a voltage at the current density of 1 A/cm 2 . It is confirmed whether 
or not the measured voltage is equal to or higher than the reference voltage. 

[0046] The operating temperature is lowered, and the above measurement is repeated. After electric energy is gen- 
erated at the low temperature, a temperature at which the phosphoric acid fuel cell 10 is operated when the voltage 
generated while the phosphoric acid fuel cell 1 0 is in the steady operation mode at 1 60 °C and the current density of 1 
A/cm 2 is lowerthan the reference voltage is regarded as athreshold. The operating temperature atthe time the phosphoric 
acid fuel cell 10 generates electric energy immediately before the temperature becomes the threshold is regarded as 
an operating temperature lower limit. Using the operating conditions at this time, a phosphoric acid saturated vapor 
pressure is calculated as follows: 

[0047] When the current density is represented by I (A/cm 2 ) and the effective electrode area by S (cm 2 ), the amount 
of water generated per unit time, i.e., the amount m of water (mol/min.) for reducing the concentration of phosphoric 
acid, is constant regardless of the hydrogen gas consumption ratio ra (%) and the air consumption ratio rc (%), and is 
determined by the following equation (5): 



[0048] Then, it is assumed that the operating temperature is represented by T°C, the hydrogen gas temperature by 
Ta°C, the air temperature by Tc°C, the operating pressure of the hydrogen gas system by Pa (kPa), the operating 
pressure of the oxidizing agent system by Pc (kPa), the rate at which the hydrogen gas is supplied (hydrogen gas flow 
rate) by fa (N1/min.), the rate at which the air is supplied (air flow rate) by fc (N1/min.), the rate at which the gas is 
discharged from the hydrogen gas system by fea (N1/min.), the rate at which the gas is discharged from the air system 
by fee (Nl/min.), the ratio of water evaporated from the hydrogen gas system, of the amount of water for reducing the 
concentration of phosphoric acid, by a (%), and the ratio of water evaporated from the air system by 1 -a (%). 
[0049] The rate fea at which the gas is discharged from the hydrogen gas system is the sum of the rate of the hydrogen 
gas which is not consumed for generating electric energy and the amount of water vapor evaporated from the anode 
24, of the amount of water for reducing the concentration of phosphoric acid. Therefore, the rate fea at which the gas is 
discharged from the hydrogen gas system is determined from the following equation (6): 



m = IxSx 



60 




96500x2 
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r 100 -ra a , fo\ 

f ea = fax + mx x22.4 ••••••{p; 

J J 100 100 

[0050] When both the hydrogen gas temperature Ta°C and the air temperature Tc°C are equal to the operating 
temperature T°C, the saturated vapor pressure Psa of phosphoric gas in the discharged hydrogen gas at the time the 
amount of generated water for reducing the concentration of phosphoric acid and the amount of water evaporated from 
the phosphoric acid are in equilibrium is determined by the following equation (7): 

mx x22.4 

Ps,a = iSQ xPa 

fea 



mx~^—x22.4 
100 



r 100 -ra a . 
fax + mx x22.4 

100 100 



.....(7) 

xPa 



[0051] The rate fee at which air is discharged from the cathode is determined by the following equation (8): 



r ec = fcx(0.21x 100 VC + 0.79) + mx 100 - x22.4 
J ■ 100 100 

(8) 



[0052] The saturated vapor pressure Ps,c of phosphoric acid in the discharged air is determined by the following 
equation (9): 
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Ps,c = 



mx 



100 -a 
100 



x22.4 



xPc 



fee 



mx 



100 -a 
100 



x22.4 



xPc 



fcx(0.21x 



100-rc 
~ 100 " 



f 0.79) + mx 



100 -a 
100 



x22.4 



00 



[0053] Therefore, if the operating temperature lower limit is 120°C, and the operating conditions include the ratio a of 
20 %, the current density I of 0.2 A/cm 2 , the effective electrode area S of 196 cm 2 , the hydrogen gas consumption ratio 
ra of 50 %, the air consumption ratio rc of 50 %, the hydrogen gas flow rate fa of 0.54 N1/min. the air flow rate fc of 1 .33 
N1/min., and the pressures Pa, Pc of 201.3 kPa at which the hydrogen gas and air are supplied, then the saturated 
vapor pressure Ps,a of phosphoric acid in the hydrogen gas is calculated as 33.6 kPa and the saturated vapor pressure 
Ps,c of phosphoric acid in the air is calculated as 31 .8 kPa at the time the amount of generated water for reducing the 
concentration of phosphoric acid and the amount of water evaporated from the phosphoric acid are in equilibrium. 
[0054] The concentration of phosphoric acid at the above value of saturated vapor pressure is determined using the 
graph shown in FIG. 4. FIG. 4 illustrates only the phosphoric acid concentration vs. saturated vapor pressure curve at 
120°C shown in FIG. 3. 

[0055] In FIG. 4, 31.8 kPa and 33.6 kPa which represent the values of Ps,c, Ps,a are plotted on the horizontal axis 
as indicated by points B1 , B2. Then, perpendiculars L1 , L2 are drawn from the points B1 , B2 toward the phosphoric acid 
concentration vs. saturated vapor pressure curve. Points of intersection between the perpendiculars L1, L2 and the 
phosphoric acid concentration vs. saturated vapor pressure curve are indicated respectively C1 , C2. 
[0056] Then, straight lines M1 , M2 are drawn from the respective points C1 , C2 toward the vertical axis, and the values 
on the vertical axis where the straight lines M1, M2 cross the vertical axis are checked. These values on the vertical 
axis represent phosphoric acid concentrations at which a saturated vapor pressure is obtained for bringing the amount 
of generated water for reducing the concentration of phosphoric acid and the amount of water evaporated from the 
phosphoric acid into equilibrium. 

[0057] In FIG. 4, the phosphoric acid concentration is 84.9 % at the anode 24 and 86.6 % at the cathode 26. Of these 
values, the lower one, i.e., 84.9 %, is a lower limit for the phosphoric acid concentration at which the performance of the 
preliminary phosphoric acid fuel cell 10b (the phosphoric acid fuel cell 10) is not lowered. 

[0058] The saturated vapor pressure Psat of phosphoric acid is determined as described below from the graph shown 
in FIG. 5 based on the phosphoric acid concentration determined as described above if the operating temperature (the 
temperature of the electrolyte electrode assembly 12) is 80° C. FIG. 5 illustrates only the phosphoric acid concentration 
vs. saturated vapor pressure curve at 80 °C shown in FIG. 3. 

[0059] A straight line M3 is drawn horizontally from the value of 84.9 % on the vertical axis shown in FIG. 5 toward 
the phosphoric acid concentration vs. saturated vapor pressure curve. Then, a perpendicular L3 is drawn from a point 
C3 of intersection between the straight line M3 and the phosphoric acid concentration vs. saturated vapor pressure 
curve toward the horizontal axis. A point of intersection between the perpendicular L3 and the horizontal axis represented 
by B3. The point B3 of intersection represents Psat at 80 °C, and has a value of 5.9 kPa. 

[0060] Then, the inlet pressure Pmix is measured by the inlet pressure sensor 64b. The value of the inlet pressure 
Pmix should preferably be as small as possible in order to allow the generated water to evaporate as much as possible. 
Specifically, the outlet passage may be vented to the atmosphere to equalize the outlet pressure to the atmospheric 
pressure. 

[0061] The rate fa and the combustion efficiency r are experimentally determined as follows: 

[0062] A heat capacity required to increase the temperature of the electrolyte electrode assembly 1 2 to the operating 
temperature is determined from the specific heat of the electrolyte electrode assembly 12 and the difference between 
the temperature of the electrolyte electrode assembly 12 at the time it starts to be heated and the temperature of the 
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electrolyte electrode assembly 1 2 at the time the heating ends, and the determined heat capacity is divided by the heating 
time, thus determining a required heat capacity Q1 (kJ/min.) per unit time. 

[0063] If an initial hydrogen gas flow rate is represented by fa1 (N1/min.), then since the combustion energy produced 
at the time 1 mol of hydrogen gas is combusted is 228.6 kJ, the heat capacity Q1 is expressed by the following equation 
(10): 



where r represents the combustion efficiency defined by the equation (1), and has a unit of %. The equation (10) is 
modified into the following equation (1 1): 



[0064] Now, it is assumed that r is 1 00 %, and the value of Q1 determined as described above is put into the equation 
(1 1 ), determining fa1 . The determined value of fa1 is supplied to the hydrogen gas flow rate control system 98. 
[0065] Separately from the above process, the lower limit for the phosphoric acid concentration at which the perform- 
ance of the preliminary phosphoric acid fuel cell 10b (the phosphoric acid fuel cell 10) is not lowered, i.e., 84.9 %, and 
the phosphoric acid concentration vs. saturated vapor pressure curves at the respective temperatures shown in FIG. 3 
are stored in the phosphoric acid saturated vapor pressure calculating system 1 02. The temperature sensor 32 and the 
temperature measuring system 96 measure a temperature TMEA1 (°C) of the electrolyte electrode assembly 12 at the 
time it starts being heated. The temperature measuring system 96 sends a signal representative of the measured 
temperature to the phosphoric acid saturated vapor pressure calculating system 102. 

[0066] In response to the supplied signal, the phosphoric acid saturated vapor pressure calculating system 102 cal- 
culates a phosphoric aid saturated vapor pressure Psatl at the temperature TMEA1 (°C) of the phosphoric acid at the 
concentration of 84.9 % from the phosphoric acid concentration vs. saturated vapor pressure curve, and sends a signal 
representative of the calculated phosphoric aid saturated vapor pressure Psatl to the air flow rate calculating system 1 00. 
[0067] The inlet pressure Pmix is measured by the inlet pressure sensor 64b. The inlet pressure Pmix should preferably 
be as small as possible for the reason of facilitating the evaporation of generated water. Therefore, the pressure control 
system 104 fully opens the back pressure valve 74b to make the cathode outlet pressure close to the atmospheric 
pressure. 

[0068] The values fa1 , r (= 100 %), Psatl, Pmix thus determined are put into the equation (4), thus calculating an 
initial air flow rate fc1 . 

[0069] The three-way value 62a is operated to prevent the hydrogen gas from flowing to the anode 24, and the hydrogen 
gas and air are passed through the second gas passages 30 in the cathode 26 at respective rates fc1 , fa1 , causing the 
reaction represented by the formula (C) to take place at the cathode 26. Since this reaction is an exothermic reaction, 
the temperature of the electrolyte electrode assembly 12 rises as the reaction is in progress. 

[0070] After t1 minutes, a saturated vapor pressure Psatl , t1 of phosphoric acid at the concentration of 84.9 % in the 
electrolyte electrode assembly 12 whose temperature has been increased to TMEA, t1 (°C) is determined using FIG. 3 
(the phosphoric acid concentration vs. saturated vapor pressure curves). A pressure Pmix, t1 of the mixed gas introduced 
to the cathode 26 is measured by the inlet pressure sensor 64b. 

[0071] The gas discharged from the cathode 26 is cooled by the heat exchanger 70b. The generated water which is 
condensed from the discharged gas is separated from the gas by the gas-liquid separator 72b. 

[0072] The gas from which the generated water is separated passes through the back pressure valve 74b into the 
moisture remover 80. The moisture remover 80 removes a remaining moisture from the gas, turning the gas into a dry 
gas. A portion of the dry gas is sampled by the gas sampler 82, and the amount of a hydrogen gas contained in the dry 
gas is measured by the gas chromatograph 84. The determined amount of the hydrogen gas contained in the dry gas 
is the amount of the hydrogen gas which is discharged from the cathode 26 without being involved in the reaction. An 
actual combustion efficiency rrea,t1 can be calculated from this amount of the hydrogen gas. 

[0073] The above values fa1, rrea, t1, Psatl, t1 Pmix, t1 are put into the equation (4), thus calculating a secondary 
air flow rate fc1 , t1 . 
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[0074] The hydrogen gas and air are passed at respective rates fa1, fc1, t1 through the cathode 26, causing the 
reaction represented by the above formula (C) to progress at the cathode 26 thereby to raise again the temperature of 
the electrolyte electrode assembly 12. 

[0075] Then, in the same manner as described above, a temperature TMEA,t2 ( ° C) of the electrolyte electrode assembly 
12 after t2 minutes is measured, and a saturated vapor pressure Psatl ,t2 of phosphoric acid at the concentration of 
84.9 % is determined using FIG. 3. A pressure Pmix,t2 of the mixed gas introduced to the cathode 26 is measured by 
the inlet pressure sensor 64b. 

[0076] An amount of hydrogen gas discharged from the cathode 26 without being involved in the reaction is determined, 
and an actual combustion efficiency rrea,t2 is determined. 

[0077] The above values fa1, rrea,t2, Psatl, t2, Pmix,t2 are put into the equation (4), thus calculating a tertiary air 
flow rate fc1 , t2. 

[0078] The hydrogen gas and air are passed at respective rates fa1 , fc1 ,t2 through the cathode 26, causing the reaction 
represented by the above formula (C) to progress at the cathode 26 thereby to raise again the temperature of the 
electrolyte electrode assembly 12. 

[0079] In this manner, the temperature of the electrolyte electrode assembly 12, the pressure of the supplied mixed 
gas, and the amount of hydrogen gas which is not combusted are monitored, and the monitored values are fed back to 
change the air flow rate and at the same time increase the temperature of the electrolyte electrode assembly 1 2. Finally, 
a combustion efficiency at the time the temperature of the electrolyte electrode assembly 12 has reached the operating 
temperature of the fuel cell system 40 is represented by rreal . 

[0080] If the temperature-rising characteristics of the electrolyte electrode assembly 12 thus obtained are lower than 
desired temperature-rising characteristics, then the hydrogen gas flow rate is set to fa2 which is slightly higher than fa1 , 
and the above process is repeated. For calculating the air flow rate, the value of rreal is used as an initial combustion 
efficiency. At this time, a combustion efficiency at the time the temperature of the electrolyte electrode assembly 1 2 has 
reached the operating temperature of the fuel cell system 40 is represented by rrea2. 

[0081 ] If the temperature-rising characteristics of the electrolyte electrode assembly 1 2 are still lower than the desired 
temperature-rising characteristics, then the hydrogen gas flow rate is set to fa3 which is slightly higher than fa2, and the 
above process is repeated. For calculating the air flow rate, the value of rrea2 is used as an initial combustion efficiency. 
Finally, a hydrogen gas flow rate and a combustion efficiency at the time the actual temperature-rising characteristics 
of the electrolyte electrode assembly 12 are in conformity with the desired temperature-rising characteristics are repre- 
sented by fa and r, respectively. 

[0082] The fuel cell system 40 is operated based on the determined parameters as follows: 

[0083] First, the values of fa, r are input to the air flow rate calculating system 1 00. The phosphoric acid concentration 
vs. saturated vapor pressure curves at the respective temperatures shown in FIG. 3 are stored in the phosphoric acid 
saturated vapor pressure calculating system 102. 

[0084] The three-way valve 62a is operated to introduce the hydrogen gas into only the cathode 26, and the temperature 
sensor 32 and the temperature measuring system 96 measure a temperature TMEA1 (°C) of the electrolyte electrode 
assembly 12 at the time it starts being heated. The temperature measuring system 96 sends a signal representative of 
the measured temperature to the phosphoric acid saturated vapor pressure calculating system 102. 
[0085] In response to the supplied signal, the phosphoric acid saturated vapor pressure calculating system 102 cal- 
culates a phosphoric aid saturated vapor pressure Psatl at the temperature TMEA1 (°C) of the phosphoric acid at the 
concentration of 84.9 % from the phosphoric acid concentration vs. saturated vapor pressure curve, sends a signal 
representative of the calculated phosphoric aid saturated vapor pressure Psatl to the airflow rate calculating system 1 00. 
[0086] Then, the pressure control system 1 04 fully opens the back pressure valve 74b in order to lower the cathode 
outlet pressure as much as possible. The inlet pressure Pmix at this time is measured by the inlet pressure sensor 64b, 
which sends a signal representative of the measured inlet pressure Pmix to the pressure control system 104. The 
pressure control system 104 sends the supplied signal to the air flow rate calculating system 100. 
[0087] The air flow rate calculating system 100 calculates an air flow rate fd according to the equation (4) from the 
supplied values of fa, r, the calculated phosphoric aid saturated vapor pressure Psatl, and the inlet pressure Pmix 
detected by the pressure control system 104, and sends a signal representative of the calculated airflow rate fd to the 
air flow rate controller 56b. Thus, the cathode 26 is supplied with the hydrogen gas at the rate fa and the air at the rate fd . 
[0088] The temperature of the electrolyte electrode assembly 12 is increased by the heat which is generated by the 
chemical reaction represented by the formula (C) that is caused by the hydrogen gas and air supplied to the cathode 
26. At the same time, H 2 0 is generated. 

[0089] Subsequently, after t minutes, a temperature TMEA,t of the electrolyte electrode assembly 12 and a pressure 
Pmix,t at which the mixed gas is supplied to the inlet of the cathode 26 are detected in real-time. The phosphoric acid 
saturated vapor pressure calculating system 102 calculates a phosphoric acid saturated vapor pressure Psat,t after t 
minutes based on the temperature TMEA,t. 

[0090] The air flow rate calculating system 100 calculates a required air flow rate fc,t according to the equation (4) 
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from the supplied values of fa, r, the calculated phosphoric aid saturated vapor pressure Psat,t, and the inlet pressure 
Pmix,t detected by the pressure control system 104. The air flow rate calculating system 100 then controls the air flow 
rate to become fc,t with the air flow rate controller 56b. 

[0091] With the operating method according to the present embodiment, even if water generated by the reaction is 
highly likely to be present as liquid water and hence the hydrogen gas and oxygen in the air react with each other at a 
temperature for lowering the concentration of phosphoric acid to increase the amount of phosphoric acid, the air flow 
rate is controlled to bring the phosphoric acid concentration at the time the amount of generated water for reducing the 
concentration of phosphoric acid and the amount of water evaporated from the phosphoric acid are in equilibrium, to a 
value equal to or higher than the reference phosphoric acid concentration which does not lower the performance level 
of the fuel cell, i.e., keeps the fuel cell at a desired performance level. 

[0092] According to the present embodiment, therefore, the temperature of the fuel cell 1 0 can be increased without 
using a heater having a large heat-generating capability. Therefore, additional facilities including a large-size heater and 
an individual phosphoric acid supply device are not required, and it is possible to increase the temperature of the fuel 
cell system 40 to the operating temperature with a simple and economic arrangement while preventing the electric energy 
generating capacity and the fuel cell performance from being unduly lowered. 

[0093] After the temperature of the electrolyte electrode assembly 1 2 has risen to a predetermined temperature range 
from about 140°C to about 1 90 °C, the threeway valve 62a is operated to stop supplying the hydrogen gas to the cathode 
26 and supply the hydrogen gas to the first gas passages 28 of the anode 24. The cathode 26 is continuously supplied 
with air. 

[0094] At the anode 24, electrons are generated by the reaction represented by the formula (A). The generated 
electrons are supplied as electric energy for energizing the load W such as a motor electrically connected to the terminal 
plates 1 6a, 1 6b, and then reach the cathode 26 where they are involved in the reaction represented by the formula (B). 
Stated otherwise, the load W is energized as the fuel cell system 40 generates electric energy. 

[0095] As described above, the temperature of the phosphoric acid fuel cell 10 is increased up to an operating tem- 
perature at which the concentration of phosphoric acid is equal to or higher than the reference phosphoric acid concen- 
tration. Therefore, the phosphoric acid fuel cell 10 can generate electric energy with desired characteristics. 
[0096] In the above embodiment, the hydrogen gas is used as the fuel gas. However, any gases which contain hydrogen 
may be used as the fuel gas. Similarly, while the air is used as the oxygen-containing gas in the above embodiment, 
any gases containing oxygen, or oxygen itself, may be used as the oxygen-containing gas. 

[0097] In the above embodiment, the phosphoric acid fuel cell 10 is shown as a single unit cell. However, a plurality 
of unit cells may be stacked into a phosphoric acid fuel cell. 



Claims 

1 . A method of operating a phosphoric acid fuel cell (1 0) before generating electric energy from said fuel cell, said fuel 
cell having a assembly comprising an anode (24), a cathode (26), and an electrolyte layer (20) impregnated with 
phosphoric acid and interposed between said anode (24) and said cathode (26), said method comprising the steps of: 

supplying a fuel gas which contains hydrogen, and an oxygen-containing/gas, to said cathode (26) such that 
the proportion of hydrogen in the mixed gas is less than 4 volume %, to raise the temperature of said assembly 
to an operating temperature with heat generated by a reaction between hydrogen contained in said fuel gas 
and oxygen contained in said oxygen-containing gas at said cathode (26); and 

causing said hydrogen and said oxygen to react with each other at said cathode (26) under a condition in which 
the concentration of the phosphoric acid, at the time the amount of water generated by the reaction and the 
amount of water evaporated from the phosphoric acid impregnated in said electrolyte layer (20) are in equilibrium, 
is equal to or greater than a reference phosphoric acid concentration which is capable of keeping the phosphoric 
acid fuel cell (10) at a predetermined performance level, by determining the combustion efficiency of said fuel 
gas at a constant rate of supply, and by changing the rate of supply of the oxygen-containing gas while the fuel 
gas is supplied at the rate for the known combustion efficiency. 

2. A method according to claim 1 , wherein said electrolyte layer (20) comprises a basic polymeric membrane. 

3. A method according to claim 2, wherein said electrolyte layer (20) is made of polybenzimidazole. 
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Patentanspruche 

1. Verfahren zum Betreiben einer Phosphorsaure-Brennstoffzelle (10) vor einem Erzeugen elektrischer Energie von 
der Brennstoffzelle, wobei die Brennstoffzelle eine Anordnung aufweist, die eine Anode (24), eine Kathode (26) und 

5 eine Elektrolytschicht (20), die mit Phosphorsaure impragniert, und zwischen Anode (24) und Kathode (26) ange- 

ordnet ist, umfasst, wobei das Verfahren die Schritte umfasst: 

- Zufuhren eines Brenngases, welches Wasserstoff umfasst, und eines Sauerstoff enthaltenden Gases zu der 
Kathode (26) derart, dass das Verhaltnis von Wasserstoff in dem Gasgemisch kleiner als 4 Volumen-% ist, um 

to die Temperatur der Anordnung auf eine Betriebstemperatur zu heben, mit Hitze, die durch eine Reaktion zwi- 

schen Wasserstoff, der in dem Brenngas enthalten ist, und Sauerstoff, der in dem Sauerstoff enthaltenden Gas 
enthalten ist, bei der Kathode (26); und 

- Bewirken, dass der Wasserstoff und der Sauerstoff miteinander bei der Kathode (26) reagieren, unter einer 
Bedingung, in welcher die Konzentration der Phosphorsaure, zu einer Zeit, wenn die Menge an Wasser, das 

15 durch die Reaktion erzeugt worden ist, und die Menge an Wasser, das von der Phosphorsaure, welche in der 

Elektrolytschicht (20) impragniert ist, verdampft ist, im Gleichgewichtsind, gleich oder groGer als eine Referenz- 
Konzentration an Phosphorsaure ist, welche in der Lage ist, die Phosphorsaure-Brennstoffzelle (10) bei einem 
vorbestimmten Leistungsniveau zu halten, durch Bestimmen der Verbrennungseffizienz des Brenngases bei 
einer konstanten Zufuhrrate, und durch Andern der Zufuhrrate des Sauerstoff enthaltenden Gases, wahrend 

20 das Brenngase bei der Rate fur die bekannte Verbrennungseffizienz zugefuhrt wird. 

2. Verfahren nach Anspruch 1, wobei die Elektrolytschicht (20) eine Haupt-Polymermembran umfasst. 

3. Verfahren nach Anspruch 2, wobei die Elektrolytschicht (20) aus Polybenzimidazol besteht. 

25 

Revendications 

1. Procede de mise en oeuvre d'une pile a combustible a acide phosphorique (10), prealablement a la generation 
30 d'energie electrique a partir de ladite pile a combustible, ladite pile a combustible comportant un assemblage com- 

prenant une anode (24), une cathode (26) et une couche d'electrolyte (20) impregnee d'acide phosphorique et 
interposee entre ladite anode (24) et ladite cathode (26), ledit procede comprenant les etapes consistant : 

a acheminer un gaz combustible qui contient de I'hydrogene, et un gaz contenant de I'oxygene, a ladite cathode 
35 (26) de telle maniere que la proportion d'hydrogene dans le gaz melange soit inferieure a 4% en volume, afin 

d'elever la temperature dudit ensemble a une temperature nominale au moyen de la chaleur generee par une 
reaction entre I'hydrogene contenu dans ledit gaz combustible et I'oxygene contenu dans ledit gaz contenant 
de I'oxygene, a ladite cathode (26) ; et 

a amener ledit hydrogene et ledit oxygene a reagir I'un avec I'autre a ladite cathode (26) sous une condition 
40 pour laquelle la concentration de I'acide phosphorique, au moment ou la quantite d'eau generee par la reaction 

et la quantite d'eau evaporee de I'acide phosphorique dont est impregnee ladite couche d'electrolyte (20) sont 
a I'equilibre, est egale ou superieure a une concentration d'acide phosphorique de reference qui est apte a 
maintenir la pile a combustible a acide phosphorique (1 0) a un niveau de performance predetermine, en deter- 
minant le rendement de combustion dudit gaz combustible a un debit d'acheminement constant, et en faisant 
45 varier le debit d'acheminement du gaz contenant de I'oxygene pendant que le carburant gazeux est achemine 

au debit pour le rendement de combustion connu. 

2. Procede selon la revendication 1 , dans lequel ladite couche d'electrolyte (20) comprend une membrane en polymere 
de base. 

50 

3. Procede selon la revendication 2, dans lequel ladite couche d'electrolyte (20) est fabriquee en polybenzimidazole. 
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